Introduction
[2] Kīlauea Volcano on the Island of Hawai'i is one of the most active volcanoes in the world, providing a natural laboratory to study processes of basaltic magmatism. Since 1983, Kīlauea has been continuously erupting predominately from the Pu'u 'Ō'o vent on the east rift zone (Figure 1 ) [Heliker et al., 2003] . Recent explosive activity began at the summit in March 2008 with the opening of a vent in Halemaumau Crater [Wilson et al., 2008] . The magmatic system at the summit of Kīlauea is not a simple magma chamber geometry, but rather it consists of a complex series of dikes and sills [Fiske and Kinoshita, 1969; Dawson et al., 2004] . Within the last 15 years, the establishment of a dense global positioning system (GPS) network and acquisitions of satellite synthetic aperture radar (SAR) data sets provide a way to measure surface displacement on the volcano.
[3] Previous geodetic studies investigated centers of inflation and deflation in and around the summit caldera using leveling, tilt, trilateration, GPS, and interferometric synthetic aperture radar (InSAR) [Cervelli and Miklius, 2003; Dvorak et al., 1983; Fiske and Kinoshita, 1969; Johnson, 1992; Lockwood et al., 1999; Poland et al., 2009] . Fiske and Kinoshita [1969] showed multiple centers of inflation inside and to the south of the summit caldera. Nearly 2.3 m of subsidence has occurred near Halemaumau since 1975 [Johnson et al., 2010] , and at the same time the summit has been affected by volcanic spreading [Delaney et al., 1998 ]. Repeated dike intrusions occur within the rift zones and affect activity of the shallow system (e.g., subsidence near Halemaumau during east rift zone dike intrusions and eruptions in 1997 [Owen et al., 2000] and 2007 [Poland et al., 2009; Montgomery-Brown et al., 2010] ).
[4] Understanding the shallow system is important because measurements of the ground deformation (e.g., inflation at a particular location) could be used as an indicator for impending eruptive activity, either at the summit or along the rift zones. The summit of Kīlauea, which is visited daily by thousands of tourists, experienced explosive eruptions in the past (in 1924, and during a 300 year period since the formation of the caldera in $1500 [Swanson et al., 2012] ), so characterizing the observed deformation and resulting activity is vital for understanding the behavior of the volcano. The knowledge that is gained can be applied at other basaltic volcanic systems such as the neighboring Mauna Loa which had an intrusive period during -2009 [Amelung et al., 2007 or the Galapagos volcanoes which have equally or even more dynamic shallow volcanic systems [Amelung et al., 2000; Chadwick et al., 2006] .
[5] A new episode of inflation at Kīlauea's summit started in 2003 [Poland et al., 2012] , and, as shown below, reversed a secular subsidence trend that was dominant since the start of the Pu'u 'Ō'o eruption in 1983 [Johnson et al., 2010] . The Canadian Radarsat-1 satellite acquired an excellent set of SAR imagery from 1998 to 2008. The frequently repeated acquisitions provide an opportunity to study the dynamics of magma accumulation and migration at unprecedented spatial and temporal resolution. We characterize the surface displacements from 2000 to 2008 using InSAR time series analysis and GPS measurements and infer sources of deformation in the shallow system beneath the summit, providing parameters for location and source geometry. We discuss implications for top-down inflation and deflation of magma bodies and compare our results with historic periods of activity and previous geodetic studies.
Data
[6] We use InSAR and GPS data to analyze the deformation at the summit of Kīlauea Volcano from January 2000 to March 2008. The two data sets are complimentary because they measure the same surface displacement. The continuous GPS data are used to support the InSAR time series analysis by providing a means to verify the accuracy of the results.
InSAR
[7] Interferograms are made using data acquired by the Canadian Space Agency's Radarsat-1 SAR satellite. At Kīlauea, Radarsat-1 data have the longest continuous time span (over 10 years), and with the 24 day repeat pass of the satellite, it is the most frequently acquired SAR data up to 2008. The primary data set consists of two beams, one ascending pass (standard beam S3, incidence angle 34-40 degrees, 86 scenes, 22 January 2000 to 16 March 2008) and one descending pass (standard beam S1, incidence angle 24-31 degrees, 96 scenes, 21 February 1999 to 17 March 2008), referred to as ascending S3 and descending S1, respectively. Due to some missed acquisitions of the ascending pass during critical time periods, a third beam completes the coverage (standard beam S6, incidence angle 45-49 degrees, 88 scenes, 31 March 1998 to 2 March 2008, used for the ascending S3 missed acquisition on 2 June 2007), referred to as ascending S6. We use the ROI_PAC SAR processing software developed at NASA's Jet Propulsion Laboratory (JPL) [Rosen et al., 2004] to produce the interferograms.
[8] We use the small baseline subset (SBAS) method for generating the InSAR time series [Berardino et al., 2002; Lanari et al., 2004; Gourmelen et al., 2010] . The SBAS method inverts a large number (in this case hundreds) of InSAR images, relying on the redundancy of multiple InSAR images to determine the surface displacement for each pixel through time. Interferometric pair selection is performed using a Delaunay triangulation in the perpendicular baseline-temporal baseline space to create an interconnected network of interferograms. We present here the network for the descending S1 data set (Figure 2 ). The temporal baseline values are scaled by a ratio of the perpendicular baseline threshold (600 m) to the temporal baseline threshold (10 years) following Pepe and Lanari [2006] . Those pairs that exceed the spatial and temporal baseline thresholds and lack sufficient Doppler overlap are removed from the network (Figure 2 , dashed black lines). There is an unconnected subset due to large baselines, but this subset overlaps the larger network in time. SBAS employs the singular value decomposition (SVD) method, which allows these two separate networks to be linked. The interconnected network of interferograms allows calculation of displacement between any two acquisitions, regardless of the possibility of generating a particular interferogram. The same network procedure is applied to the other acquisition modes. In total, we calculate a network of 262 interferograms for descending S1, 262 interferograms for ascending S3, and 255 interferograms for ascending S6 for the time series processing. Pixels with high correlation will have phase values with lower errors, which helps to lessen the effects of phase noise and errors incurred during interferogram processing. We only use pixels with 70 percent of the interferograms having a correlation of 0.3 or higher. The time series are referenced to a single pixel that exhibits high coherence. This pixel is located far enough from the summit and rift zones to not be influenced by the deformation taking place there (Figure 1, red square) . If the reference point has significant displacement, then we would not expect good agreement between the InSAR and GPS time series around the summit (Figures 3 and 4 , described below). We do not apply an atmospheric correction to the time series, and given the spatial and temporal variability of this signal, it is possible that atmosphere artifacts are present at the reference point and could influence the time series at other locations. Since there is agreement between the InSAR and GPS time series, we are confident that atmospheric artifacts are not an issue.
GPS
[9] The Hawaiian Volcano Observatory (HVO), in collaboration with Stanford University and the University of Hawai'i, has established and maintains a dense network of continuous GPS stations on Kīlauea (Figure 1) . A total of 18 stations exist with data available during the time period covered by the InSAR data. The GPS data are available for download from the University NAVSTAR Consortium (UNAVCO). GPS data were processed at the University of Miami Geodesy Lab using GIPSY-OASIS software from JPL [Stephen et al., 1996] . The results provide daily point position measurements for the north-south, east-west, and vertical components in the ITRF2000 reference frame. Ocean loading is taken into account during the processing, as well as solutions for the ionosphere and troposphere. To compare GPS and InSAR results, we removed the NUVEL 1-A plate motion [DeMets et al., 1994] from the GPS time series to account for the difference between an absolute (GPS) and a relative (InSAR) reference frame. The result is the Pacific plate reference frame, which can also be viewed as a reference frame local to Hawai'i. For further comparison of the GPS and InSAR time series, we project the 3 components of the GPS data into the radar line of sight (LOS) for Radarsat-1 descending beam S1, showing that the measured motion is consistent for both data sets. The GPS station showing the largest amount of displacement in the summit area is AHUP, and Figure 3 shows the LOS projected GPS time series and the descending S1 InSAR time series at that location. The Table 1. continuous GPS stations around the summit that are operational during the time span of the InSAR time series are shown in Figure 4 with colocated InSAR time series. In both figures, the GPS and InSAR time series show similar results between these independent data sets.
3. Surface Displacement Activity at Kīlauea's Summit Figure 5 shows the descending and ascending LOS displacements (left and middle columns, respectively) for these periods as well as the computed vertical motion (right column). Red colors indicate up (or toward the satellite for LOS displacements) and blue indicates down (or away from the satellite).
Temporal changes in the surface displacement pattern are clearly represented in the vertical component of the displacement field which we calculate using the ascending and descending LOS displacements [Wright et al., 2004] . Using the SBAS time series displacements from different look angles on ascending and descending passes of the satellite, we can compute the three components of motion (north, east, and vertical). The northern component contains the most error and is poorly resolved because the satellite has approximately a 12 degree angle from north, so the radar is most sensitive to the vertical and east-west directions. Given that inflation and deflation of magmatic sources will produce a predominately vertical component of motion located directly above the source, we will now focus on the vertical measurements calculated from the InSAR time series. This provides a better location for the source of deformation compared to the other two components.
[11] The secular deformation episode shows a broad area of subsidence around the summit and within the rift zones, with the maximum subsidence of 20 cm located just to the south of the summit caldera ( Figure 5c ). The summit inflation episode shows a broad area of inflation around the summit with a maximum vertical displacement of 34 cm and continued subsidence within the east rift zone (Figure 5f ). The 2007 east rift zone intrusion and eruption episode initiates deflation at the summit with a maximum subsidence of 16 cm within the caldera and 30 cm of uplift in the east rift zone at the site of the eruption (Figure 5i) . The summit deflation episode shows a broad area of subsidence around the summit with a maximum of 27 cm, subsidence around Pu'u 'Ō'o with a maximum of 14 cm ( Figure 5l ). In contrast to the summit inflation and secular deformation episodes, there is evidence for uplift on the south flank along the coast (Figure 5l ).
[12] Changes in the GPS and InSAR time series and changes in earthquake activity (Figures 3 and 4) revealed more details about the activity occurring during the four episodes described above. We defined 12 separate time periods ( Table 1 ) that characterize the changes in displacement around Kīlauea's summit from January 2000 to March 2008. The time period bounds are based on SAR acquisition times and may be off by up to 24 days given the repeat-pass interval of the satellite. The secular deformation episode is detailed by a single period (referred to as period 1) and spans the longest amount of time at 4 years. Following period 1, the summit inflation episode is divided into 6 periods (period 2 through period 7) and spans the next 3 years. The east rift zone intrusion and eruption episode is detailed by two periods, periods 8 and 9, with each covering a 24 day period in June and July 2007. The summit deflation episode is divided into 3 periods (period 10 through period 12), and covers up to March 2008, when Radarsat-1 acquisitions cease. In the following, we zoom into the summit area and describe details of the displacement pattern and how it changes through time.
Secular Deformation: Period 1
[13] The first period, from 22 January 2000 to 28 September 2003, is characterized by a broad area of subsidence around the summit and upper rift zones ( Figure 6a ). As discussed above, a maximum subsidence of 23 cm is located just to the south of the caldera. The rate and amount of subsidence decreases further down the rifts and away from the summit. The GPS stations around the summit and rift zones (AHUP, KOSM, MANE, and UWEV) show southeast motion increasing toward the south (Figure 6a ).
Summit Inflation: Periods 2 Through 7
[14] The summit inflation episode leading up to the 2007 intrusion and eruption is covered by six time periods (periods 2-6, Figures 6b-6g) . The location of the inflation shifts between the inner caldera and an area on the southeastern edge of the caldera during three time periods, period 2 (Figure 6b ), period 3 (Figure 6c ), and period 4 (Figure 6d ). Inflation during period 2 is centered inside the caldera to the northeast of Halemaumau Crater with a maximum displacement of 6 cm ( Figure 6b ). During period 3, the center of inflation shifted to the southeastern edge of the caldera and produced a total of 3 cm of inflation (Figure 6c ). Given the long time span of periods 2 and 3, 672 and 168 days, respectively, the subsidence within the rift zones observed during period 1 is still present (Figures 6b and 6c) . During period 4, the center of inflation shifted back to the inner caldera source and inflated a total of 4 cm in 24 days (Figure 6d ). For all three periods, the horizontal GPS displacements around the summit (stations UWEV and AHUP) were radially outward, while stations on the flank and rift zones (stations KOSM and MANE) continued to exhibit the same seaward motion seen during period 1.
[15] Period 5 ( Figure 6e ) marks a shift in the center of inflation from the inner caldera to an area outside and to the south-southeast of the caldera. Coincident with a seismic swarm in the upper east rift zone, a maximum displacement of 11 cm occurred in an area centered between the upper portions of the east and southwest rift zones during this 48 day period. The high rate of inflation was sustained until 28 March 2006, at which point the inflation shifted to an area outside and to the south-southwest of the caldera, marking the beginning of period 6 (Figure 6f ). Inflation during period 6 lasted for approximately 6 months with a maximum of 14 cm, and occurred as a broad area with an elongated pattern extending toward the southwest rift zone. During periods 5 and 6, station KOSM switched from southeast to southwest motion, and station UWEV shifted more to the north for period 5 and returned to northwest motion during period 6. Following period 6, there is no clear evidence of inflation around the summit for the latter part of 2006 and into the beginning of 2007, and seismic activity returned to normal background levels.
[16] Another shift in the center of inflation occurs during period 7 (Figure 6g ) as inflation returned to the area previously seen during period 5, accompanied by an increase in seismic activity in the upper east rift zone. On 24 May 2007, an M 4.7 earthquake occurred in the upper east rift zone near Puhimau Crater at 2 km depth followed by M 4.1 and M 3.9 aftershocks further down-rift at 3.3 km and 1.0 km depth, respectively (white stars, Figure 6g ). The maximum amount of uplift during period 7 was 5 cm (Figure 6g ), less than half the amount during period 5. The GPS stations around the summit show a radially outward pattern and the stations on the south flank continue to show southeast motion (Figure 6g ). The time period bounds are based on SAR acquisition times and may be off by up to 24 days given the repeat-pass interval of the satellite. Maximum vertical displacement for each time period is given and locations of the sources and maximum displacement are best seen in Figure 8 .
East Rift Zone Intrusion and Eruption: Periods 8 and 9
[17] The 17 June 2007 intrusion and eruption in the upper east rift zone created large amounts of ground displacement between the summit and Pu'u 'Ō'o (Figure 5i ) Montgomery-Brown et al., 2010] . Period 8 is characterized by 16 cm of subsidence concentrated inside the summit caldera to the northeast of Halemaumau (Figure 6h ). The intrusion produced over 30 cm of uplift in the vicinity of the intrusion and eruption (see Figure 5i ) accompanied by swarms of earthquakes over the first several days of the event. The GPS stations around the summit show radially inward motion in response to the rapid subsidence at the summit (Figure 6h ). Period 9 is characterized by an inflation of 6 cm in a small concentrated area to the northeast of Halemaumau, and the GPS stations around the summit show a radially outward pattern (Figure 6i ). The entire area surrounding the summit appears red, and is most likely related to the atmospheric noise discussed above.
Summit Deflation: Periods 10 Through 12
[18] Following the intrusion and eruption in the east rift zone, the summit area entered an episode of net subsidence comprising three time periods (Figures 6i-6l ) and seismic activity returned to background levels. The location of displacement shifted position during this time from the inner caldera to the southeastern edge of the caldera. Period 10 is characterized by a broad area of subsidence spanning the inner caldera and southeastern portion of the summit with a maximum of 15 cm centered on the southeastern edge of the caldera (Figure 6j) . A change in the rate of subsidence occurred during Period 11 evident from the change in slope in the GPS and InSAR time series (see Figure 4 , note stations AHUP and UWEV). The period is characterized by a subsidence of 6 cm located just outside the southeastern edge of the caldera. Unlike periods 10 and 11, period 12 ( Figure 6l ) lacks a well-defined location of maximum displacement and is characterized by a broad area of subsidence both inside and outside the caldera with a maximum displacement of 4 cm.
Sources of Deformation
[19] We infer the areas of displacement active during periods 2 through 11 to be associated with four distinct sources. The time variation of the surface displacement patterns and the locations of these different sources are best visualized with maps showing the contoured vertical displacements (Figure 7) . Source 1 is located in the inner (Table 1) showing the shifts in the center of deformation during this time. Arrows represent the horizontal GPS velocity vectors for the stations labeled in Figure 1 . The black dots shown in Figures 6e-6h are the earthquake locations during swarm activity described in the text. The color scale for all periods is plotted with the same range (À10 to +10 cm). The scale for the arrows showing horizontal GPS velocities varies (between 5 cm/yr and 20 cm/yr). caldera to the northeast of Halemaumau Crater and is active during periods 2, 3, 8, and 9 (Figures 7b, 7d, 7h, and 7i ). This source is best described as a concentrated area of displacement confined to the inner caldera with periods of both uplift and subsidence. Source 2 is active during periods 4 and 10 (Figures 8c and 7j) , and is located on the southern edge of the caldera. The area of displacement for this source is not as concentrated as source 1, and the displacement occurs over an area that spans both inside and outside the summit caldera. Source 2 shows uplift during period 4 and subsidence during period 10. Source 3 is located to the south-southeast of the summit caldera and was active during periods 5, 7, and 11 (Figures 7e, 7g , and 7k, respectively) and shows both uplift and subsidence during these periods. This source is characterized by a broad area of displacement located completely outside the summit caldera and contained within an area between the upper rift zones and to the northeast of the Koae fault system. Source 4 is located to the south-southwest of the summit caldera and is only active during period 6 (Figure 7f) . The source shows a broad area of uplift outside the summit caldera that was elongated down the southwest rift zone.
Source Modeling

Methods
[20] The surface displacement field shows short wavelengths and localized patterns of displacement, consistent with shallow, magmatically induced deformation. To determine the sources of the observed displacements, we employed the following modeling strategy. We select, for each source, the period with the highest signal-to-noise ratio of the data. We acknowledge that modeling of only one time rather than modeling all time periods may be selective, but this provides a first-order approach to reducing errors in the modeling by only using the best data available for each source. We test models with increasing complexity and use geophysical inversion methods to select the model parameters that best fit the observations. We start with a Mogi point source [Mogi, 1958] to simulate a spherical magma chamber. For sources that do not provide a good fit with the Mogi model, we use penny-shaped crack [Fialko et al., 2001] or horizontal uniform rectangular dislocation [Okada, 1985] . These sources simulate horizontal, radially symmetric and elliptical sills, respectively. In all models, we assumed homogeneous, elastic half-space with a Poisson's ratio of 0.25 and shear modulus of 3 Â 10 10 Pa.
[21] We run a Mogi point source model for each time period to find approximate horizontal locations, and the results show good agreement for four distinct sources. The individual time periods we use for more robust modeling of the four sources in more detail are selected to minimize adverse effects of noisy data and possible contributions from secular deformation. This requires the periods to have short time spans and clear deformation from only one source. Out of the four possible periods for source 1 (periods 2,4,8,9), Figure 7 . (a-l) Contours of the vertical displacement for the 12 defined time periods (same as in Figure 6 ). The contour interval varies in order to emphasize the location of maximum displacement and the active magma source. The four areas of deformation corresponding to magma bodies include an inner caldera source (source 1, periods 2, 4, 8, and 9), a source on the southern edge of the caldera (source 2, periods 3 and 10), a source to the south-southeast of the caldera (source 3, periods 5, 7, and 11), and a source to the south-southwest of the caldera (source 4, period 6). The black dots shown in Figures 7e-7h are the earthquake locations during swarm activity described in the text. period 8 is selected because it had a 24 day time span and large displacement signal with over 15 cm of subsidence. Out of the two possible periods for source 2 (periods 3 and 10; before and after the east rift zone intrusion and eruption), period 3 is selected because period 10 likely contains contributions from other sources. Out of the three possible periods for source 3 (periods 5, 7, 11), period 5 is selected for modeling because it provides the largest signal with the shortest time span. Source 4 is only active during period 6.
[22] The modeling is done using the ascending and descending SBAS displacements for each period. We use quadtree decomposition sampling of the data as modeling input to reduce redundant data [Jonsson et al., 2002] . Using quadtree partitioning, we allow a minimum of two and a maximum of seven partitioned levels and variance thresholds between 5 and 10 mm between data points that results in a minimum of 16 data points and a maximum of 16,384. The quadtree sampling results in 86 and 62 data points for the ascending and descending displacements for modeling source 1, 177 data points for the descending displacement for source 2, 82 and 69 points for the ascending and descending displacements for source 3, and 108 and 83 points for the ascending and descending displacements for source 4. The GPS data are excluded from modeling due to sparse station spacing during this time period, which results in poor coverage of the deformation sources ( Figure 6 ). Most areas containing the highest amounts of displacement are not well covered by any of the GPS stations with the exception of source 3 (station AHUP, Figure 6 ). Since 2008, new stations have been installed in and around the summit caldera that improves the coverage provided by continuous GPS.
[23] To determine the best fitting model, we assume unit variance for all data points and use the normalized rootmean-square (RMS) between the data and the model defined as sqrt ((d-m) 2/N) where d is the data, m is the model, and N is the number of data points. We solve this nonlinear inversion problem using a Gibbs sampling algorithm. The Gibbs sampling uses a similar algorithm as for simulated annealing ], except we invert for a large number of models. Gibbs sampling generates a distribution for each parameter and provides the joint distribution. We obtain posterior probability density distributions of the parameters for the preferred model from the sampling. This set of models is a proxy for the posterior probability density that allows us to evaluate the desired quantities such as mean and confidence intervals.
Results
[24] Table 2 contains the modeled parameters for each of the sources, and shows the preferred depths and 95% confidence interval obtained from the Gibbs sampling. The depths for each of the sources refer to the distance below the surface.
[25] The best fitting model for source 1 is a point source (Figures 8b and 8e ), rather than a sill geometry, and is located to the northeast of Halemaumau Crater inside the summit caldera at a depth of 1.9 AE 0.1 km. The estimated volume loss for this period is 9.1 Â 10 6 m 3 . The best fitting model for source 2 (Figure 8h ) is penny-shaped crack located close to the southeast edge of the caldera at a depth of 2.9 AE 0.2 km with a radius of 2.3 AE 0.2 km and a volume increase of 8.9Â10 6 m 3 . The best fitting model for source 3 (Figures 8k and 8n) is a penny-shaped crack located to the south-southeast of the caldera between the east and southwest rift zones at a depth of 3.4 AE 0.5 km with a radius of 3.4 AE 0.6 km and a volume increase of 11.8 Â 10 6 m 3 . The location and size of the source places the outer edges of the sill adjacent to the seismicity within the rift zones with little to no overlap between the two. The best fitting model for source 4 (Figures 8q and 8t) is a uniform dislocation with an overall area of 14.8 km 2 at a depth of 3.6 AE 0.4 km and an estimated volume increase of 10.9 Â 10 6 m 3 . The depth is in the same range as source 3, but the location is further to the west and the pattern of displacement is different as well, exhibiting an elongated shape extending toward the southwest rift zone. Profiles comparing the modeled source with the data show good agreement (Figure 8, right column) .
[26] Probability density distributions of latitude and longitude (point clouds, Figure 9a ) and depth (histograms, Figure 9b ) from the modeling clearly show four distinct source locations. From source 1 to source 4, the source location generally progresses from north to south and from shallow to deep. The centers of sources 1, 2, and 3 overlap, or align, in east-west extent while source 4 is farther to the west. Sources 1 and 3 have very localized point clouds showing well-constrained horizontal locations. Source 2 has a broad range of depths and a larger spread in locations, which is reasonable given the lower signal-to-noise ratio of the data. Source 4 also has a larger spread in locations, but the depth is well constrained.
[27] Figure 10 shows the correlation between the estimated source size and depth (Figure 10a ) and the differences in horizontal overlap progressing from the lower 95% confidence bound (L95) to the upper bound (U95) for sources 2, 3, and 4 ( Figure 10b ). Source 1 has the least variation in depth. The size of source 1 is not inferred from the data or modeling, so for Figure 10b , we assume a constant radius of 500 m for source 1. In general, the relation between depth and source size shows that sources are either deep and small or large and shallow. This correlation is strongest for source 3 (Figure 10a , middle), with no obvious trend for sources 2 and 4. The mean of the posterior density distribution (for both depth and radius) is the preferred model and is shown as stars in Figure 10a .
[28] The source depth as a function of time is shown in Figure 11 . From 2004 leading up to the 2007 intrusion and eruption (Figure 11 , vertical red line), the summit area inflated and showed a general progression from shallow to deeper sources through time (periods 2-7). Concurrent with the intrusion and eruption, the shallow summit source deflated (period 8) followed by a short period of inflation (period 9) and then continued deflation (periods 10-12), again showing a progression from shallow to deeper sources through time. This sequence represents a top-down inflation and deflation of the shallow summit reservoirs.
Discussion
[29] The deformation at the summit of Kīlauea Volcano shows a time variable pattern of displacement between 2000 and 2008. The locations and timing of displacements provide details about the characteristics of the shallow magmatic system beneath the summit.
Model for the Shallow Magmatic System
[30] We suggest that the shallow magmatic system at the summit of Kīlauea is best described as a series of interconnected reservoirs that are active at different points in time. We find four distinct deformation sources active between October 2003 and March 2008, with varying locations and times of activity (Table 1 ). Figure 12 depicts a schematic cross section across the summit and upper east rift zone of Kīlauea. The schematic is not to scale and is intended to show the relative locations of the modeled sources beneath the summit. Although the elastic half-space models fit the data, questions still remain about whether sills of this size are geologically feasible at Kīlauea. The sources get progressively deeper from north to south. Sources 2, 3, and 4 are best fit with sill-type models, whereas source 1 is best fit with a spherical model (Mogi) . The inferred sources are consistent with other studies of the same period. Poland et al. [2009] and Montgomery-Brown et al. [2010] both found a point source at 1.5 km depth to the northeast of Halemaumau, which matches well with our source 1. Myer et al. [2008] modeled the same time period we have for sources 3 and 4 (periods 5 and 6) as a single source and found a similar oblong-shaped source. Their source location matches well with our source 4, except they found a shallower depth. We interpret the observed deformation to be related to magmatic processes and not hydrothermal activity due to our source depths being much deeper than the known hydrothermal system, which is thought to be shallower than 1 km [Almendros et al., 2001; Hurwitz and Johnston, 2003] , and also the fact that the deformation correlates with ongoing magmatic and volcanic activity at Kīlauea.
[31] The shallow magmatic system consists of a shallow reservoir (1.9 AE 0.1 km depth) to the northeast of Halemaumau (source 1) and a series of vertically stacked sills at greater depths (2.5-4 km) (source 2, 3, and 4). The level of neutral buoyancy (LNB) at Kīlauea occupies a zone from 2 to 4 km [Ryan, 1987] , and this corresponds well with the depths we find for our four sources. Mantle-derived magma enters the system from below and rises up to shallow depths. As the supply of magma continues and reaches the LNB, magma begins to migrate laterally, creating individual sills in this depth range. These reservoirs appear to be well connected at times, yet show individual periods of activity. This suggests the connections or pathways between the magma bodies are either small and rapid changes in pressure only affect one reservoir at a time, or the connections are not continuously open and changes in pressure and stress of the system effectively open and close the pathways. The ongoing eruptive activity at Pu'u 'Ō'o provides evidence that magma continuously migrated away from the summit during this time. 
Top-Down Inflation and Deflation
[32] The time dependence of magma storage is apparent when looking at the sequence of source initiation (Figure 13 ; see also Figure 11 ). After sources 1 and 2 inflated (Figure 13a , periods 2 to 4), the 2006 upper east rift seismic swarms (periods 5) mark when magma began accumulating at the summit in the deeper sill bodies (Figure 13b , sources 3 and 4). These magma bodies continued to inflate into the beginning of 2007 (period 6), when inflation around the summit ceased. Summit activity resumes with the inflation of source 3 (period 7), coincident with an increase of the seismicity in the upper east rift zone. The associated seismicity at $3 km depth below the surface suggests that the conduit into the upper east rift zone originates at the depth of or slightly below source 2. The 2007 dike is fed by magma from source 1, as evidenced by rapid deflation of this source (Figure 13c) . After a brief pulse of inflation of source 1, which may represent a rebound effect following the rapid pressure changes, source 2 deflates followed by the deflation of source 3 (Figure 13d) .
[33] The summit sources clearly show a sequence of filling and emptying from the top down (shallow to deep) as Figure 10a . Source 1 (blue circle) is plotted with a constant radius of 500 m, and the colors and sources are the same as in Figure 9 . magma enters and leaves the system, respectively. The shallow sources are the first to inflate beginning in late 2003, and are the first to deflate following the 2007 intrusion and eruption. In a hydraulically connected system at neutral buoyancy we would expect simultaneous pressurization and depressurization of all sources with the volume change depending on the source compressibility [Rivalta and Segall, 2008] . This is in contrast to our observations, which suggests that the system is not fully hydraulically connected. The deeper sources may inflate only if the excess pressure exceeds a given threshold to open the conduit to these sources. In the same way, these sources deflate only once the excess pressure in the main plumbing system has dropped below a given threshold. This limited hydraulic connectivity could also be an expression of the conduit size. The conduits from the deeper sources to the east rift zone could be much smaller than those from the shallower sources, impeding the rapid equilibration of pressure changes for the deeper sources. The importance of conduit size for Kīlauea's intrusions was first noted by Segall et al. [2001] .
[34] Previous periods of activity at Kīlauea are consistent with the top-down inflation that we observed in this study. Fiske and Kinoshita [1969] found the shallow source next to Halemaumau was the first to inflate prior to the 1967-1968 eruption, followed by deeper sources to the south of the caldera. This same sequence of inflating sources occurred from 2003 to 2007 leading up to the 2007 east rift zone intrusion and eruption. Periods of inflation at Kīlauea show a general trend of source migration from northeast of Halemaumau toward the south [Tilling and Dvorak, 1993] . The sources inside the caldera are shallower than those to the south, so we infer that top-down inflation is a general pattern for Kīlauea given that the inner caldera sources inflate first, followed by the south caldera sources.
Secular Deformation
[35] The summit and upper rift zones subsided at a constant rate during period 1, with the maximum rate of 4-5 cm/yr just south of the summit caldera (period 1, Figure 5a , 5b, and 5c). It is evident that subsidence continued within the upper rift zones following this period as seen in the GPS (station KOSM, Figure 4 ), but subsidence close to the summit is overprinted by the inflation of the shallow magmatic system (periods 2 through 7). At the location of the 2007 east rift zone dike, subsidence related to the secular deformation is observed before and after the intrusion (Figures 5f and 5l) . Delaney et al. [1998] found similar patterns of subsidence from 1976 to 1996 using repeated leveling surveys. We suggest that the secular deformation is predominately the result of tectonic processes with a lesser contribution from magmatic processes, consistent with the changes of gravity in that area [Johnson et al., 2010] . During period 1, the GPS stations on Kīlauea's flank show a steady seaward movement [Miklius et al., 2005] , providing further evidence of tectonic processes resulting in rifting and secular deformation.
Comparison With Previous Studies of Summit Magma Bodies
[36] Previous geodetic studies of the shallow magmatic system at Kīlauea using leveling, tilt, trilateration, and GPS for earlier periods of activity also detected multiple reservoirs between 1 and 4 km depths (Table 3) . Fiske and Kinoshita [1969] found multiple centers of inflation in and around the summit caldera from 1966 to 1967. They concluded that a complex reservoir system existed beneath Kīlauea's summit consisting of sources located to the northeast of Halemaumau and along the southern edge of the caldera between 2 and 3 km depth. Dvorak et al. [1983] located 25 centers of activity at the summit from 1966 to 1970. Their models placed sources inside the caldera to the northeast of Halemaumau at 2.2 and 2.6 km depth and just to the south of the caldera at 2.4 and 3.4 km depth. Yang et al. [1992] reexamined data from 1975 to 1985 and found 10 centers of deflation located under the southern caldera rim in the same area as our sources 2 and 3. They identified inflation centers located in the same areas as our sources 1, 2, and 3, but modeled these as a single inflation source and incorporated dikes into their models as well. They note that neglecting to account for dike dislocations could affect the estimated centers of inflation. From 1981 to 1985 , Johnson [1992 inferred deflation sources at 2.5 km depth to the northeast of Halemaumau and deeper deflation sources at 3.5 and 4 km depth further to the south, closer to the southwest rift zone. He placed the deflation source associated with the 1983 east rift intrusion, which marked the beginning of the eruptive activity that continues today, just north of the southern caldera rim. Wallace and Delaney [1995] place a deflation source associated with the same intrusion just south of the caldera rim (near our source 2) at a depth of 3.8 AE 1 km. Owen et al. [2000] used GPS displacements to model the deflation of a shallow caldera source at a depth of 1.87 km coincident with the 1997 Napau Crater dike intrusion and eruption. In , Cervelli and Miklius [2003 used electronic borehole tiltmeter data of four $2 day interval tilt events to infer a source near Halemaumau (same horizontal position as our source 1) at a depth of 500-700 m below the surface. Using leveling and GPS data from 1996 to 2002, they also inferred a long-term deflation source at 3.5 km depth.
[37] Although many of these studies were limited in spatial and temporal coverage, collectively they support the idea that the magmatic sources, which we observed from late [2003] [2004] [2005] [2006] [2007] [2008] , are persistent features with different instances of activity (Table 3) . Source 1 agrees well with the caldera source observed by Fiske and Kinoshita [1969] . This source Tables 1 and 2 list details about the time periods and source locations, respectively. was active throughout the 1960s and 1970s, and before and after the 1983 east rift intrusion [Dvorak et al., 1983; Johnson, 1992] . It was also active during the 1997 intrusion [Owen et al., 2000] . Source 2 was likely active during the pre-1983 period and was the main deflation source associated with the 1983 intrusion [Johnson, 1992; Wallace and Delaney, 1995] . Sources 3 and 4 have less frequent periods of activity and were observed during 1967 -1983 [Fiske and Kinoshita, 1969 Dvorak et al., 1983] . The locations of sources 3 and 4 are similar to that of the long-term source of Cervelli and Miklius [2003] . Their 1996-2002 leveling-measured subsidence pattern ( Figure 5 in Cervelli and Miklius [2003] ) is nearly identical to our 2000-2004 InSAR-observed secular deformation pattern (Figure 8a ). We interpret that the source of subsidence is primarily related to the tectonic processes discussed above with a lesser component related to the shallow magmatic sources.
Conclusions
[38] This study provides details of the activity at the summit of Kīlauea Volcano, Hawai'i, as follows:
[39] 1. We use InSAR time series analysis of Radarsat-1 data from 2000 to 2008 to describe the activity related to the migration of magma beneath the summit of Kīlauea. The shallow magmatic system consists of an interconnected system of four magma bodies progressing in depth from north to south. It includes a spherical reservoir to the northeast of Halemaumau at 1.9 AE 0.1 km depth and a series of vertically stacked sills to the south of the caldera at greater depths (2.9 AE 0.2 to 3.6 AE 0.4 km). The sills overlap laterally but have distinct periods of activity, leading to the conclusion that these are independent magma bodies with varying times of activity.
[40] 2. Deformation just south of the summit caldera (area of sources 2, 3, and 4) and the seismicity in the upper rift zones provide key insights into the migration of magma at the summit. The location of earthquake swarms outlines conduits or pathways for magma migration away from the summit.
[41] 3. The timing of source activity reveals a top-down (shallow to deep) inflation before and top-down deflation following the 2007 east rift zone intrusion and eruption. This general pattern of top-down inflation has been seen previously, and the same sequence for deflation is clearly seen in the InSAR time series analysis as well.
